We propose a new way to search for hypervelocity stars in the Galactic bulge, by using red clump (RC) giants, that are good distance indicators. The 2nd Gaia Data Release and the near-IR data from the VISTA Variables in the Via Lactea (VVV) Survey led to the selection of a volume limited sample of 34 bulge RC stars. A search in this combined data set leads to the discovery of seven candidate hypervelocity red clump stars in the Milky Way bulge. Based on this search we estimate the total production rate of hypervelocity RC stars from the central supermassive black hole (SMBH) to be N HV RC = 3.26 × 10 −4 yr −1 . This opens up the possibility of finding larger samples of hypervelocity stars in the Galactic bulge using future surveys, closer to their main production site, if they are originated by interactions of binaries with the central SMBH.
INTRODUCTION
Hypervelocity stars (HVS) are rare objects that appear to be unbound from the Galaxy. For an authoritative and broad discussion about these objects see Brown (2015) . We concentrate on the HVS coming from the Galactic centre, produced by the interaction of the central SMBH with a binary system (Hills 1988) . The Galactic bulge in particular is the region where one expects to find the highest density of hypervelocity stars produced by the suspected to be SMBH at the centre of our Galaxy.
Since the first discovery by Brown, Geller & Kenyon (2005) , quite a few HVS have been found in the Milky Way halo with typical velocities ∼ 1000 km s −1 (e.g. Brown et al. 2008; Brown 2015; Brown et al. 2018; Heber et al. 2008; Kollmeier et al. 2009; Kenyon et al. 2014; Palladino et al. 2014; Geier et al. 2015) , and also in the Magellanic Clouds (e.g. Przybilla et al. 2015; Lennon et al. 2017) .
In order to explain the ejection process, different model predictions have been made besides the Hills one; Yu & Tremaine (2003) proposed a binary massive BH and a single star ejection mechanism; a globular cluster and a SMBH scenario was introduced by Fragione, Capuzzo-Dolcetta & Kroupa (2017) and a few others have been introduced by other authors (e.g. Baumgardt et al. 2006; Silk et al. 2012; Zhang, Lu & Yu 2013; Kenyon et al. 2014; Rossi, Kobayashi & Sari 2014; Fragione & Loeb 2017; Marchetti et al. 2018; Boubert et al. 2015; Irrgang, Kreuzer & Heber 2018) .
On the basis of these previous studies, it has been estimated that every ∼ 10000 yr one star is ejected by binary interaction with the Galactic nuclear BH (Sag A*) as a HVS. If we can measure time of ejection, then we can check for bursts due to the accretion of a star cluster by the central SMBH for example (Capuzzo-Dolcetta & Fragione 2015; Fragione & Capuzzo-Dolcetta 2016) .
In this paper we propose a new way to search for HVS in the Galactic bulge. We use the Gaia DR2 sample combined with the VVV sample to select bulge RC stars and search for HVS, reporting the discovery of two candidate hypervelocity RC stars in the Galactic bulge.
THE GAIA AND VVV DATA
Because of the large non-uniform reddening in the bulge fields studied here (e.g. Schlafly et al. 2011; González et al. 2012; Minniti et al. 2016 Minniti et al. , 2018 Alonso-García et al. 2017 , we use the combination of optical Gaia data with near-IR VVV data.
The Gaia second data release (DR2) contains data collected between July 2014 and May 2016 (Gaia Collaboration 2018). It improves the photometric and astrometric measurements of the first release (DR1) as well as information on astrophysical parameters, variability and median radial velocities for some sources. Gaia DR2 contains the apparent brightness in G magnitude for more than 1.6 × 10 9 sources brighter than 21 mag and, for 1.4 × 10 9 sources, broad band colours G BP covering (330 − 680 nm) and G RP covering (630 − 1050 nm), which were not available in DR1. The proper motion (PM) components in equatorial coordinates are available for 1.3 × 10 9 sources with an accuracy of 0.06 mas yr −1 for sources brighter than G = 15 mag, 0.2 mas yr −1 for sources with G = 17 mag and 1.2 mas yr −1 for sources with G = 20 mag (Gaia Collaboration 2018). The data have been processed by the Gaia Data Processing and Analysis Consortium (DPAC).
The VVV survey maps the Galactic Bulge and southern disk in the near-IR with the VIRCAM (VISTA InfraRed CAMera) at the 4.1m wide-field Visible and Infrared Survey Telescope for Astronomy (VISTA, Emerson & Sutherland 2010) at ESO Paranal Observatory (Minniti et al. 2010; Saito et al. 2012 ). In the Galactic bulge, the VVV Survey covered 300 sq.deg. (within −10 • < l < 10 • , −10 • < b < 5 • ), using the near-IR passbands: Z(0.87 µm), Y (1.02 µm), J(1.25 µm), H(1.64 µm), and K S (2.14 µm).
The VVV Survey data reduction and the archival merging were carried out at the Cambridge Astronomical Survey Unit (CASU, Irwin et al. 2004 ) and VISTA Science Archive (VSA) at the Wide-Field Astronomy Unit (WFAU), within the VISTA Data Flow System (Cross et al. 2012) .
In order to deal with the crowding in the VVV Survey field of view, we use the dataset of Alonso-García et al. (2018) , who built a new and more complete VVV photometric catalog using PSF photometry, which increased up to almost a billion the number of detected sources.
THE SELECTION OF HYPERVELOCITY RC STARS
In order to select possible HVS candidates from the RC of the Bulge, we need to first define the appropriate region of the CMD in different appropriate colors where the RC lie. For that, and relying on the accuracy of the coordinates from both databases, we match the stellar position of the Gaia and VVV sources with a conservative tolerance of 0.5 arcsec (1.5 VVV pixels), resulting in a total of N total = 29, 181, 380 sources that have accurate positions in the Galactic bulge region (within −10 • < l < 10 • , −10 • < b < 5 • ), optical and near-IR photometry and PMs.
The Wesenheit magnitudes were originally created for Cepheids (Madore 1982) , but they can be applied to any kind of star; we adopted them in our study since they are very succesful in removing the reddening effect. The relations for the K S and G band are respectively equations 1 and 2:
We use the Wesenheit color-magnitude diagram (CMD) in order to select RC stars. We apply color and magnitude cuts to the VVV CMD following Minniti et al. (2017) and similar color and magnitude cuts to the Gaia CMD. Combining Gaia G magnitude and VVV K S magnitude, we construct a CMD and select the sources in the locus of the RC, shown enclosed in a box in Figure 1 (a). From such sources, we select the ones in the range −1 < (W G − W KS ) < 2 in the CMD shown in Figure 1 Figure 1 . Near-IR CMD from VVV and Gaia using the reddening independent Wesenheit magnitudes WK S and WG. a) The selection box used to single out bulge RC stars is shown. b) Selected RC stars; from these, we select the ones in the range −1 < (WG − WK S ) < 2. c) Same as subfigure a), but with the new sample from the VVV, the green dots correspond to the color cut shown in an enclosed box in a). d) Using the Wesenheit magnitudes, we select the ones in the range −1 < (WG − WK S ) < 2.
Now in order to select candidates with high proper motions in the inner Galaxy, from the VVV survey PSF catalog, we took the sources appearing in both studied epochs (2010 and 2015) and with observations in both J and K S filters. The mean magnitude in K S must be K S < 16, in order to keep heavily reddened candidates, and maintaining a constant magnitude between the two epochs in J and as well in K S (mean magnitude-magnitude in a given epoch < 3σ). Differently from Alonso-García et al. (2018) , now we also required that the sources had a spatial separation between both observation epochs of 0.34 ′′ < tolerance < 2.5 ′′ , since the HVS candidates should show a larger separation between the observations. We then match the stellar position of the Gaia DR2 and the second epoch of observation (2015) from the VVV sources with a tolerance of 0.5 arcsec, resulting in a total of N = 2, 752 sources that, as before, have accurate positions in the Galactic bulge region (−10 • < l < 10 • , −10 • < b < 5 • ), optical and near-IR photometry and PMs. Figures 1(c) and 1(d) show the CMD for such sample, where the light green points represent the RC stars, obtained from the same color cuts as explained before, shown in Figures 1(a) and 1(b). An exclusion for Gaia DR2 sources with well defined parallaxes must be done, we excluded those sources in which parallax error is less than 20%, placing them within 500 pc. Such procedure gives us a final sample of N f inal = 34 RC stars.
In order to determine distances, we use the calibrations made by Ruiz-Dern et al. (2018) accounting that the Wesenheit magnitudes are reddening-independent, so we can compute the absolute magnitudes as follows:
And in these cases, G = W G and K S = W KS . It must be noted that the calibration for Gaia photometry described above is derived from Gaia DR1 and our data is from DR2, such photometric systems are different. Nevertheless, one can derive Gaia DR1 G magnitude from DR2 G magnitude following (Gaia Collaboration 2018):
The distance in pc is:
The RC giants are good distance indicators and allow us to define a volume limited sample. All of the 34 RC stars within −10 • < l < 10 • , −10 • < b < 5 • , lie within 6 < d < 11 kpc.
With the distance estimation and using gala package (Price-Whelan 2017) from Astropy (Astropy Collaboration 2013), we corrected the proper motions from Gaia DR2 (µ α * = µ α cosδ and µ δ ) for the reflex motion of the Sun ((u ⊙ , v ⊙ , w ⊙ ) = (11.1 ± 0.075, 245 ± 9, 7.25 ± 0.37) km s −1 ), taking the default Solar motion relative to the Galactic centre as a combination for the peculiar velocity (Schönrich, Binney & Dehnen 2010) and for the circular velocity at the Solar radius (Bovy 2015) . Given the corrected RA and DEC proper motions, we transform to proper motions in galactic coordinates (µ l * = µ l cosb and µ b ) with the same package.
While the Galactic coordinates have negligible errors, the individual distance errors are more difficult to estimate, because they are a combination of photometric errors, intrinsic RC error, and extinction errors. The photometric error for the typical RC magnitudes considered here is σK S = 0.02 mag (Saito et al. 2012) . The error due to the intrinsic magnitude dispersion of the RC is K S = 0.009 mag (Ruiz-Dern et al. 2018 ). The error from the extinction corrections depends on the slope of the adopted reddening law, and on the individual stellar reddening. Taking as a dereddened mean color (J − K S ) 0 = 0.68 (González et al. 2012) , our RC sample yield −0.335 < E(J − K S ) < 1.015 mag. We estimate a typical total distance modulus error of σ(m − M ) 0 ≈ 0.02 mag, equivalent to σD ≈ 0.38 kpc at the distance of the bulge, adopted here to be D 0 = 8.3 kpc (Dekany et al. 2015) .
We compute tangential velocities for all these stars using:
where the distances are the ones estimated from Ruiz-Dern et al. (2018) using W KS magnitudes. From the V T equation it is clear that the errors in the tangential velocities are a combination of the distance errors described above, and the PM errors. Adopting typical Gaia PM errors at G = 17 mag of σP M = 0.2 mas yr −1 , yields a mean error σV T = 21.38 km s −1 , using the K S distance estimation for the sample.
The bulge is a very complicated region in terms of severe crowding and high reddening, and the optical Gaia PMs in this region may suffer from unknown errors. We note that the majority of the present stars are bright enough (G < 20 mag and K S < 14 mag) so they should not be significantly affected by Poisson uncertainties.
We aim to locate HVS in the bulge ejected from the galactic centre, these would be HVS candidates ejected by binary interactions with the central SMBH (Hills 1988; Brown 2015) . Therefore we select HVS candidates that appear to radiate from the Galactic centre. For this, we project the PM vectors, appropriately accounted for the Solar motion, to be coming from a region within 2 • (∼ 300 pc) from the Galactic centre. This box of 2 • was selected in order to account for errors in the individual PMs. Accounting for the VVV derived PMs, we found 7 stars that radiate from the Galactic centre, whose IDs are: 10, 15, 17, 19, 20, 22 and 23; their equatorial and galactic coordinates, J, K S and G DR1 magnitudes are listed in Table 1 ; while their Wesenheit apparent and absolute magnitudes, as well as their distance estimations are listed in Table 2 . As we have the stellar positions for the first epoch of observation in 2010 and the second one in 2015, we can derive the PM from the VVV data and compare this results with those of Gaia DR2. None of the stars that appear to radiate from the centre concur in terms of the PMs from Gaia DR2 or derived from the VVV. In order to verify if the usage of VVV derived PMs is a valid option, we have compared such PMs with Gaia DR2 PMs from sources with a well-behaved astrometric solution, given by the astrometric excess noise and its significance (Lindegren et al. 2012 ). These comparison shows us that the Gaia and VVV PMs in this regime are comparable up to 95%, hence we can use this parameters to neglect the Gaia PM for those stars with significant astrometric excess noise and use the VVV more accurate PMs. The seven stars fulfil said condition, which make them unreliable sources in terms of the astrometric solution from Gaia DR2; assuming that the PMs derived from the VVV data are accurate, we propose these stars as HVS candidates, that are shown with white vectors in Figure 2 . 
DISCUSSION
The spatial distribution shows that the candidate HVS with trajectories that point directly away from the Galactic centre avoid the most reddened regions, but are concentrated to the plane (Figure 2 ). Taking into account that the on-going extension of the VVV survey (VVVX) will roughly double the areal coverage in the bulge, we can expect that the number of HVS that we will discover with the VVVX observations will also duplicate.
A qualitative comparison with models yields good agreement, because the models predict that the highest density of HVS would be in the bulge, closer to their production site. We found some excellent candidates that need to be followed-up. A more quantitative comparison can be left for the future because of the absence of radial velocities. The seven selected candidate hypervelocity RC stars (Table 3) are prime targets for radial velocity follow-up observations. The radial velocities would allow to determine the orbits, in order to confirm if these are objects unbounded from the Milky Way.
In order to compute how long ago the HVS were ejected from the Galactic centre, we use the negative PM vectors. We project the PM vectors backwards, in the direction towards the Galactic centre, assuming that the modulus is correct and the direction is slightly off.
These times are listed in Table 3 . Based on these times, we can estimate that there were at least seven stars ejected in the past ∼ 2.1 × 10 4 yr, or a rate of 3.26 × 10 −4 stars yr −1 . This value is in agreement with the models of Zhang, Lu & Yu (2013) , that estimate ejection rates of 10 −4 − 10 −5 stars yr −1 and with the rate adopted by Brown (2015) given the various theoretical results of 10 −4 stars yr −1 .
It has been argued that there could be discrete episodes of ejections, as if, for example, a cluster of stars had a close encounter with the central SMBH (Capuzzo-Dolcetta & Fragione 2015; Fragione & Capuzzo-Dolcetta 2016) ; in our sample we can identify a major ejection episode, with HVS 10, 15, 17 and 19 ejected about 3 × 10 4 years ago, followed by HVS 22 that has an ejection time of about 6.7 × 10 4 years and HVS 23 with ejection 9.5 × 10 4 years.
These admittedly crude results are based on small number statistics, and on assuming that the ejected stars travel at a constant velocity, so they should be taken with caution as first approximations. The acid test for this sample would be the measurement of radial velocities, that in combination with the distances and proper motions would give us the orbital parameters for the individual stars.
CONCLUSIONS
Bulge RC stars are ideal targets to search for HVS because they are numerous and their distances can be readily estimated. We obtained a bonafide sample of 34 bulge RC giants using near-IR data from the VVV Survey and optical data from Gaia DR2. Seven of these stars have PM vectors derived from the VVV consistent with being ejected from the vicinity of the Galactic centre, however, the PM obtained from Gaia do not concur, nevertheless, these stars have a significant astrometric excess noise within Gaia DR2 astrometric solution, making the Gaia PM unreliable, hence we propose these seven stars as HVS candidates. This would be the first detection of hypervelocity RC stars in the MW bulge.
Assuming that these candidate hypervelocity RC stars are real, we put limits to the total production rate of HVS from the Galactic centre SMBH, obtaining N HV RC ∼ 3.26 × 10 −4 yr −1 (i.e. one RC star ejected every about 3000 years). Radial velocity follow-up observations are needed to confirm the hypervelocity RC star candidates, to estimate their orbital parameters, and to refine their times of ejection from the Galactic centre.
New samples of HVS are needed for constraining the Galactic center ejection mechanism (Brown et al. 2018 ). This work shows that it is possible to find HVS in the bulge, close to their production site. If these stars are proven to be HVS, they would be the fastest ones found to date. It also represents the first step for mapping the distribution of bulge HVS. The recently started observations for the VVVX survey cover a larger area, significantly extending the map. Interestingly, the LSST (Ivezic et al. 2008 ) and the WFIRST (Spergel et al. 2015; Stauffer et al. 2018 ) would be promising future tools to identify even larger (perhaps by orders of magnitude) samples of bulge HVS and measure more precisely their production rate.
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